Introduction {#S0001}
============

About 25% of patients with prostate cancer (PCa) will experience biochemical recurrence (BCR) after treatment.[@CIT0001] The median time from BCR to clinical progression is 5--8 years without retreatment, of which 32--45% of patients may die from PCa within 15 years.[@CIT0002],[@CIT0003] Serum prostate specific antigen (PSA) level, treatment method, and Gleason score are recognized risk factors of BCR.[@CIT0004]--[@CIT0006] Patients with fewer BCR risk factors tend to have longer recurrence-free survival. Murata et al[@CIT0007] reported that the incidence of BCR was 93.9% in patients with ≥4 risk factors after 18 months. However, most studies about the risk factors of BCR are classified as tendency estimation. It cannot be quantified and applied to accurately predict the incidence of BCR for each individual, which is clinically important in determining treatment options.

The quantitative indicators of time-intensity curve (TIC) are accurate for the identification of benign and malignant tumors in contrast-enhanced ultrasound (CEUS) imaging.[@CIT0008],[@CIT0009] Studies have demonstrated that TIC is a reliable quantitative tool for diagnosing the benign and malignant prostate tumors.[@CIT0010],[@CIT0011] In addition, it can be used to assess the aggressiveness of PCa and to predict PCa biopsy results.[@CIT0012],[@CIT0013] However, the role of TIC in quantitatively predicting the onset of BCR is less reported. The aim of this study is to explore the reliable indicators for accurately predicting the BCR after treatment by establishing a combined prediction model including TIC indicators and the recognized risk factors for each PCa patient.

Patients and Methods {#S0002}
====================

Research Participants {#S0002-S2001}
---------------------

This retrospective cohort study was approved by the Ethics Committee of Shanghai Punan Hospital of Pudong New District. Written informed consents were obtained from all participants. This study was conducted in accordance with the Declaration of Helsinki. Totally 157 consecutive PCa patients diagnosed by prostate puncture biopsy at Shanghai Punan Hospital of Pudong New District from April 2010 to April 2014 were recruited. The patients were 49--89 years old, with an average age of (69.31±8.35) years. The inclusion criteria were as follows: (1) meeting the PCa diagnostic criteria;[@CIT0013] (2) patients diagnosed as primary PCa and not been treated; and (3) complete clinical and imaging data and willing to be followed up. The exclusion criteria were as follows: (1) contraindications of CEUS such as severe heart disease, severe pulmonary hypertension, and allergies; (2) patients with other malignant tumors; and (3) patients with mental illness. The clinical variables including age, body mass index (BMI), PSA, and TNM stage were collected after admission. The TNM stage in this study included T1-T4, N0-N1, and M0-M1. PSA was determined by a commercial chemiluminescence method (UniCel Dxl 800, Beckman Coulter, USA).

CEUS Examination {#S0002-S2002}
----------------

LOGIQ E9 ultrasound imaging system (GE Healthcare, Milwaukee, Wis., USA) with a wideband IC5-9-D intracavity probe (frequency 5--9 MHz) was equipped. The ultrasound examination and image analysis were independently analyzed by 2 senior sonographers with 8 years of experience in prostate ultrasound. Patients were examined with a transrectal ultrasound to observe the prostate size, blood supply, tumor size, location, and blood flow at first. Subsequently, patients were examined in CEUS mode using the SonoVue ultrasound contrast agent (Bracco SpA, Milan, Italy). The prostate CEUS was observed in real-time and the enhanced strength and texture of PCa were recorded.

Image Analysis {#S0002-S2003}
--------------

TIC analysis software in the ultrasound imaging system was used to calculate the TIC indicators in the region of interest (ROI), including peak intensity (PI), rising branch slope (α), falling branch slope (β), time to peak (TTP), time to arrival (AT), and area under the curve (AUC).

Pathological Classification and Immunohistochemistry of Biopsy {#S0002-S2004}
--------------------------------------------------------------

Eight-needle systematic puncture biopsy was performed for all patients and ultrasound-guided targeted puncture biopsy was performed on suspicious PCa lesions by a senior urologist with more than 10 years of clinical experience. The puncture specimens were sent for pathological examination and CD34 immunohistochemistry and analyzed by a senior pathologist with 10 years of experience in diagnosing PCa. Patients with PCa pathological diagnosis would classified by Gleason score.[@CIT0014]

Treatment {#S0002-S2005}
---------

PCa patients with clinical staging T1-T2, more than 10 years in life expectancy, able to tolerate general anesthesia, and no obvious surgery contraindications received radical prostatectomy (RP). Other patients (i.e. patients with clinical staging T3--T4) received medical or surgical castration. Medical castration: Leuprorelin 3.6 mg was injected every 28 days and bicalutamide was given 50.0 mg/d. Surgical castration: Bilateral testectomy was performed and bicalutamide was given 50.0 mg/d for 6 months after the surgical wound was about healed.

Follow-Up {#S0002-S2006}
---------

Patients would receive an outpatient PSA review during follow-up. The first follow-up time was in the 1st month after the end of treatment, and a follow-up of every 3 months was needed thereafter. Follow-up was performed every 6 months after 2 years and the total follow-up time was 5 years. BCR was defined if increased PSA levels were detected twice in succession, and each increase was more than 0.2ng/mL.[@CIT0015] Patients with BCR were included in the recurrence group and the remaining patients were included in the non-recurrence group ([Figure 1](#F0001){ref-type="fig"}).Figure 1Flowchart of recruitment, examination, treatment and grouping in PCa patients.

Statistical Analysis {#S0002-S2007}
--------------------

SPSS (version 22.0; SPSS Inc., Chicago, IL, USA) and MedCalc (Version 22.0.1; MedCalc Software, Ostend, Belgium) were used for statistical analysis. The numerical data conforming to the normal distribution were expressed as mean ± standard deviation, and independent sample t-tests were used for comparison. The numerical data that did not meet the normal distribution were expressed as median (interquartile range), and Mann--Whitney *U*-tests were used for comparison. The categorical variables were expressed as number and the comparison between the two groups was performed by the chi-square test. Intraclass correlation coefficient (ICC) was used to test the inter-observer agreement of the TIC indicators measured by two sonographers. ICC\> 0.75 indicates good repeatability, 0.4 \<ICC≤0.75 normal repeatability, and ICC≤0.4 indicates poor repeatability. Kaplan--Meier was used to calculate the BCR rate and plot a survival curve. Multivariate COX regression analysis was used to analyze independent influencing factors for BCR. Receiver-operating characteristics (ROC) curves were established to evaluate the predictive ability of potential indicators for BCR. A logistic regression model was used to establish a combined prediction model and its feasibility in predicting BCR was explored. Statistical significance was defined as 2-tailed P\<0.05 for all tests.

Results {#S0003}
=======

Follow-Up Results {#S0003-S2001}
-----------------

At the end of the follow-up, 12 of the 157 PCa patients were lost. Forty-three patients were diagnosed as BCR (included in the recurrence group), and the remaining 102 patients without BCR were included in the non-recurrence group (145 patients included in this study finally). The Kaplan--Meier analysis showed that the 5-year incidence of BCR was 27%. The number of patients with BCR increased with time, and it increased significantly at the 12th, 26th and 48th month of the follow-up ([Figure 2](#F0002){ref-type="fig"}).Figure 2The incidence of BCR within 5 years of follow-up in PCa patients (Kaplan--Meier).

Comparison of Clinical Variables and CEUS Features in the Recurrence and Non-Recurrence Group {#S0003-S2002}
---------------------------------------------------------------------------------------------

In the recurrence group, the proportion of clinical stage T3-T4, lymph node metastasis, distant metastasis, tumor size, Gleason score\>7, pretreatment PSA and medical or surgical castration were higher than those in the non-recurrence group (all P\<0.05, [Table 1](#T0001){ref-type="table"}).Table 1Comparison of Clinical Variables and CEUS in the Recurrence and Non-Recurrence GroupIndicatorsRecurrence Group (n=43)Non-Recurrence Group (n=102)t/*χ*^2^/ZP valueAge (years)68.02±8.2167.90±7.480.0870.931BMI (kg/m^2^)23.61±3.5524.04±3.130.7140.476Clinical stage T121811.1070.0112185631925443Lymph node metastasisNo149251.107\<0.001Yes2910Distant metastasisNo339812.963\<0.001Yes104Number of tumorsSingle32770.0190.891Multiple1125Tumor size (cm)2.6 (2.3, 2.9)1.4 (0.8, 2.425)−6.042\<0.001Gleason score≤7187816.195\<0.001\>72524Pretreatment PSA (μg/L)14.5 (10.8, 19.1)10.3 (8.3, 14.3)−3.838\<0.001Treatment methodRP76628.376\<0.001Others (medical or surgical castration)3636PI(dB)29.1±5.4124.64±7.424.035\<0.001α0.32±0.070.33±0.080.2110.833β0.04±0.020.04±0.020.8990.370TTP (s)16.35±4.1023.17±5.887.982\<0.001AT (s)11.19±1.8913.79±6.073.911\<0.001AUC124.56±28.40124.32±29.770.0440.965Enhancement patternIsoenhancement or hypoenhancement8180.0190.891Hyperenhancement3584Enhanced uniformityHomogenous8200.0200.889Non-homogenous3582[^1]

The ultrasound features of PCa showed abnormal enhancement of the external glands (left of [Figure 3A](#F0003){ref-type="fig"}, left of [Figure 3B](#F0003){ref-type="fig"}). In CEUS, a rapid hyperenhancement in the arterial wash-in phase was displayed, and the enhancement intensity was greater than that of the surrounding normal prostate tissue. Most PCa lesions showed hyperenhancement (right of [Figure 3A](#F0003){ref-type="fig"}) and a small part of them showed hypoenhancement (right of [Figure 3B](#F0003){ref-type="fig"}). A slight hypoenhancement in the venous phase was displayed, and the contrast agent washed out rapidly in the parenchymal phase.Figure 3Assessment of PCa by transrectal ultrasonography and pathological diagnosis. (**A**) The hypoechoic nodule of the left external gland of the prostate is hyperenhanced, with asymmetric enhancement in the range of approximately 1.5 cm × 1.0 cm. (**B**) The hypoechoic nodule of the left external gland of the prostate is hypoenhanced, with an asymmetric enhancement in the range of approximately 1.7 cm × 1.0 cm. (**C**) The TIC shows that the ascending slope in the nodule region is larger and the peak intensity is higher. (**D**) Prostate adenocarcinoma, Gleason score 5+5=10, hematoxylin-eosin staining (200 magnification). (**E**) Prostate adenocarcinoma, CD34 immunohistochemical staining (200 magnification), prostate cancer tissue is rich in blood vessels.

The ICC of the TIC indicators including PI, α, β, TTP, AT, AUC was 0.913, 0.927, 0.917, 0.921, 0.946, and 0.933, respectively, which indicated that the inter-observer agreement of the two sonographers in testing TIC indicators was good. By comparing the TIC indicators between the two groups, it found that most of the ascending branches of TIC in the recurrence group showed a larger slope and a higher peak intensity ([Figure 3C](#F0003){ref-type="fig"}). [Table 1](#T0001){ref-type="table"} shows that PI in the recurrence group is higher than that in the non-recurrence group, while TTP and AT are lower than those in the non-recurrence group (all P\<0.05). PCa biopsy pathology results showed that the Gleason score of PCa was between 6--10 ([Figure 3D](#F0003){ref-type="fig"}), the lower the degree of differentiation, the higher the microvessel density ([Figure 3E](#F0003){ref-type="fig"}).

Multivariate COX Regression Analysis of BCR in PCa Patients {#S0003-S2003}
-----------------------------------------------------------

The results showed that lymph node metastasis (P\<0.001), distant metastasis (P \<0.001), Gleason score (P\<0.001), pretreatment PSA (P\<0.001), treatment method (P\<0.001), PI (P=0.001), and TTP (P=0.003) were the independent influencing factors for BCR ([Table 2](#T0002){ref-type="table"}).Table 2Multivariate COX Regression Analysis for BCRBSEWaldPRRClinical stage T1----4.6960.195--Clinical stage T20.2220.7790.0810.7761.248Clinical stage T30.4220.7860.2890.5911.525Clinical stage T41.6130.9822.6990.1005.018Lymph node metastasis2.2050.32945.050\<0.0019.072Distant metastasis0.6050.5311.3000.2541.831Tumor size0.1170.2870.1650.6851.124Gleason score1.2840.31017.123\<0.0013.610Pretreatment PSA0.0880.02216.731\<0.0011.092Treatment methods1.9110.41421.325\<0.0016.761PI0.0710.02210.5440.0011.073TTP−0.1040.0358.7600.0030.902AT−0.0640.0461.9320.1650.938[^2]

Accuracy Analysis of Potential Indicators in Predicting BCR {#S0003-S2004}
-----------------------------------------------------------

The ROC curves were established to further analyze the potential indicators including lymph node metastasis, Gleason score, pretreatment PSA, treatment methods, PI and TTP in predicting BCR. As shown in [Figure 4](#F0004){ref-type="fig"} and [Table 3](#T0003){ref-type="table"}, the AUC of each indicator is inaccurate (all \<0.9), of which the accuracy of TTP is the highest (AUC = 0.826), and the AUC of other indicators are \<0.8. It indicated that these indicators were difficult to independently predict the BCR after treatment. In order to improve the predictive accuracy, this study combined the common influencing factors based on a logistic regression model. It found that the combination of lymph node metastasis, Gleason score, pretreatment PSA, and treatment methods can improve the predictive accuracy of BCR. But the AUC was still \<0.9. However, when combined with the TIC indicators (PI and TTP), the AUC of the combined prediction model (0.953) revealed that it could accurately predict the BCR after treatment, which was significantly higher than other indicators (P\<0.05). The cut-off point was 0.26, and the sensitivity and specificity were 93.02% and 88.24%, respectively. The fitting equation was Logit (P) =−1.589 + 2.256\*lymph node metastasis + 1.161\*Gleason score+0.081\* pretreatment PSA + 2.32\*treatment + 0.092\*PI- 0.398\*TTP ([Table 3](#T0003){ref-type="table"} and [Figure 5](#F0005){ref-type="fig"}).Table 3ROC Analysis for the Prediction of BCRIndicatorsAUC95% CICut-Off PointSensitivitySpecificityLymph node metastasis0.788\*0.713--0.852Yes67.44%90.20%Gleason score0.705\*0.623--0.777\>758.14%76.47%Pretreatment PSA0.702\*0.621--0.77510.2 μg/L86.05%50.00%Treatment methods0.742\*0.663--0.811Others83.72%64.71%PI0.685\*0.603--0.76028.3 dB65.12%68.63%TTP0.826\*0.754--0.88418s72.09%77.45%Combined prediction without CEUS indicators0.8500.782--0.9040.5267.44%94.12%Combined prediction with CEUS indicators0.9530.905--0.9810.2693.02%88.24%[^3][^4] Figure 4ROC analysis of potential indicators for predicting BCR.Figure 5ROC analysis of the combined prediction model with or without TIC indicators for BCR.

Discussion {#S0004}
==========

Predictive Analysis of Known Risk Factors for BCR {#S0004-S2001}
-------------------------------------------------

The incidence of BCR within 5 years in the present study was 27%, which was similar to the results of Ward et al.[@CIT0016] It is known that multiple factors may affect the BCR after treatment, of which PSA and Gleason score have been recognized as the important influencing factors.[@CIT0017],[@CIT0018] The study by Carroll et al[@CIT0019] showed that PSA was of great significance in predicting BCR after treatment. Similarly, in this study, pretreatment PSA was one of the influencing factors for BCR in multivariate analysis. However, ROC analysis showed that the AUC of pretreatment PSA (0.702) in predicting BCR was not accurate. It indicated that it is difficult to predict the probability of BCR in each PCa patient by pretreatment PSA despite it can be used as a tendency estimation indicator to find PCa patients with a higher risk of BCR. The possible reason is that in addition to PCa, multiple mechanisms may cause increased PSA levels, including inflammatory factors, urinary catheterization, etc. Therefore its specificity in predicting BCR was reduced.[@CIT0020]

Poorly differentiated tumor tissue usually grows rapidly and has a poor prognosis. Gleason score defines the tumor malignancy and predicts the development trend.[@CIT0021] Our study confirmed that Gleason\> 7 was one of the main influencing factors for BCR, which was similar to the research by Rasiah et al.[@CIT0022] They proved that Gleason\>7 was an easily available predictor of BCR. However, its AUC in predicting BCR (0.705) was still inaccurate. The possible reason is that Gleason\>7 is a qualitative indicator and is difficult to accurately reveal the local small differences in tumors compared to quantitative indicators.

TNM staging can be used to assess the degree of PCa invasion and its prognosis, of which lymph node metastasis is one of the important prognostic factors.[@CIT0023] Cheng et al[@CIT0024] found that the prognosis of patients with single lymph node metastasis was better than that of patients with multiple lymph node metastases. The study by Luchini et al[@CIT0025] also showed that PCa patients with lymph node metastasis had a higher risk of recurrence. Our study revealed that lymph node metastasis was also one of the independent influencing factors of BCR.

The routinely used treatments for PCa also affect the recurrent outcomes. The research by Liu et al[@CIT0026] showed that patients underwent RP had significantly longer survival than patients who underwent other treatments. Our study found that the treatment method was an independent factor affecting BCR. It is worth noting that the treatment method, lymph node metastasis and Gleason score are all qualitative indicators. Their accuracies in predicting BCR are limited although they are suitable for tendency estimation.

Predictive Analysis for BCR by TIC Indicators {#S0004-S2002}
---------------------------------------------

In the recurrence group, CEUS demonstrated a circumscribed perfusion area with rapid hyperenhancement in the arterial wash-in phase compared to the surrounding normal prostate tissues. This enhancement mode may indicate the risk of BCR.[@CIT0027] The possible reason is that the tumor cells induce more neovascularization and make microvessels more concentrated. Due to the increased blood supply demand of malignant tumor tissues, they will be stimulated to form a large number of arteriovenous fistulas. It makes the contrast agent quickly wash in and wash out in the PCa lesion, and the perfusion of contrast agent is significantly greater than the surrounding tissues.[@CIT0028] Therefore, these prostate malignant tumors are more likely to recur, which is consistent with the findings by Erbersdobler et al.[@CIT0029]

In the TIC analysis, TTP was lower and PI was higher in the recurrence group and they were significantly associated with BCR in the multivariate analysis. It indicated that the tumors in the recurrence group were mostly poorly differentiated and their blood supply was rich. Zhu et al[@CIT0030] also reported that the TTP of poorly differentiated tumors was significantly lower than that of highly differentiated tumors. Poorly differentiated tumors might indicate more blood supply to prostatic tumors, which was more possible to recur in the future. In the predictive analysis of BCR, the accuracies of TIC indicators were higher than the known risk factors. Especially the AUC of TTP was 0.826, but it was still not qualified to accurately predict BCR.

Combined Prediction Analysis {#S0004-S2003}
----------------------------

The AUCs of the independent influencing factors in this study were not accurate in predicting BCR since most of them are qualitative indicators (although the AUCs of TIC indicators were relatively higher). In this study, by combining the known risk factors for BCR (lymph node metastasis, Gleason score, pretreatment PSA, treatment methods), it revealed that the accuracy of combined prediction model was better than that of each single factor, but the AUC was still \<0.9. However, when the TIC indicators (PI and TTP) were also included in the combined prediction model, the BCR after treatment could be accurately predicted (AUC=0.953). It suggested that in clinical setting, physicians can record the common risk factors of BCR and the TIC indicators (PI and TTP) to predict the probability of BCR for each PCa patient by the mathematical model.

Limitation and Perspective {#S0005}
==========================

Because our study is a retrospective cohort study at a single institution, a completely blinded study was impossible and the selection bias is inevitable in our study design. Moreover, there may be some other factors affecting the BCR that have not been recorded in the clinical setting, which is the limitation of this study. Since a mathematical model can only calculates the results closest to the real situation based on a large sample. The accurate prediction of BCR requires a larger sample and more complete data collection to reduce the fitting errors of the combined prediction model.

Conclusion {#S0006}
==========

The combined prediction model established by the known risk factors and the TIC indicators is expected to accurately predict the BCR in each PCa patient.

Abbreviation {#S0007}
============

AT, time to arrival; AUC, area under the curve; BCR, biochemical recurrence; BMI, body mass index; CEUS, contrast-enhanced ultrasound; HE, hematoxylin eosin; MVD, microvessel density; PI, peak intensity; PCa, prostate cancer; PSA, prostate specific antigen; ROC, Receiver Operating Characteristic; RP, radical prostatectomy; TIC, time-intensity curve; TTP, time to peak; α, rising branch slope; β, falling branch slope.
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==========
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[^1]: **Abbreviations:** AT, time to arrival; AUC, area under the curve; BMI, body mass index; TTP, time to peak; PCa, prostate cancer PI, peak intensity; PSA, prostate specific antigen; RP, radical prostatectomy; α, rising branch slope; β, falling branch slope.

[^2]: **Abbreviations:** AT, time to arrival; PI, peak intensity; PSA, prostate specific antigen; TTP, time to peak.

[^3]: **Note:** Compared with the combination, \*P\<0.05.

[^4]: **Abbreviations:** AUC, area under the curve; CEUS, contrast-enhanced ultrasound; PI, peak intensity; PSA, prostate specific antigen; TTP, time to peak.
